We have used archival International Ultraviolet Explorer (IUE) highdispersion SWP spectra to study the B III resonance line at 2065.8Å in 44 early-B stars. We find a median boron abundance about half that of solar system meteoritic material, consistent with the values found from previous studies of boron in early-B stars. About one third of the stars studied appear to have boron abundances that are a factor of four or more lower than this median. Many of these are stars with enhanced nitrogen abundances, confirming the belief that deep envelope mixing can occur in main-sequence B-stars. A few stars with low boron abundances have normal N/C ratios. It is unclear whether all of these can be explained as stars where mixing depleted the boron but did not go deep enough to bring CN processed material to the surface, or if some stars were actually formed with an unusually low boron abundance.
Introduction
The light isotopes 6 Li, 9 Be, 10 B, and 11 B are thought to be primarily formed via the spallation of heavier elements (primarily carbon and oxygen) by cosmic rays or other high energy ions. Neither primordial nucleosynthesis nor nuclear reactions in stellar interiors appear to make significant contributions to the abundances of these isotopes.
Traditional models (e.g., Reeves, Audouze, Fowler, & Schramm 1973) , assumed that high energy galactic cosmic-ray protons and alpha particles spall ambient CNO nuclei in the ISM. Since the interstellar abundance of the CNO spallation targets will have been lower earlier in the Galaxy's history, this leads to the prediction of an approximately quadratic relation between the abundances of the spallation elements and of other heavy elements. However, observations of boron and beryllium in metal poor stars have found a linear relation with the other heavy element abundances (Duncan et al. 1997 ).
In addition, the traditional theory required postulating an ad-hoc low energy cosmic ray component in order to produce the observed solar system ratio of 11 B: 10 B≈4 (Shima 1963; Zhai & Shaw 1994) . Similar boron isotope ratios have recently been found in the ISM found a mean ratio 11 B: 10 B= 3.4 ± 0.7) and early-B stars (Proffitt et al. 1999 found ratios of 4.7 +1.1 −1.0 and 3.7 +0.8 −0.6 in two stars), clearly demonstrating that the isotope ratio problem is not unique to solar system material.
These inconsistencies with the standard cosmic ray spallation models and other new observational data have inspired new theoretical and observational interest in the synthesis of the spallation produced isotopes (see the discussions in Lemoine, Vangioni-Flam, & Cass'e 1998 and Duncan et al. 1997 ). Many of the new theories link their production directly to core collapse supernovae (SNII), either by direct neutrino induced spallation of 12 C to produce 11 B, or via the acceleration of CNO nuclei to modest energies in shocks and the subsequent spallation of these nuclei in collisions with ambient ISM hydrogen and helium. For this latter case, however, it is not clear whether the primary enrichment of the spallation isotopes occurs promptly and in the immediate vicinity of the SNII, or if the bulk of the spallation occurs at later times after the cosmic-ray CNO ions have diffused out into the general galactic interstellar medium. Very prompt synthesis might be expected to lead to noticeable star-to-star variations between different members of a given star forming region, while significant delays in the synthesis could produce essentially uniform galactic abundances at a given epoch.
Lithium, beryllium, and boron can all be destroyed in stellar interiors (astration) by nuclear reactions with protons. Boron is destroyed at temperatures lower than that needed for nitrogen enrichment, but higher than that needed to destroy lithium or beryllium. To use boron to study either spallation nucleo-synthesis or mixing in stellar envelopes requires disentangling abundance variations caused by astration from initial abundance differences. In cooler stars, observations of lithium and beryllium can often be used to constrain possible depletion, but in early-B stars neither of these other elements is observable. An enhanced nitrogen abundance will be seen if mixing has been sufficiently deep. However, models of the effects of rotational mixing on the boron and nitrogen abundances of early-B stars (Fliegner, Langer, & Venn 1996) , predict that boron can be depleted by a factor of 2 -5 before substantial nitrogen enhancement occurs, so a normal C/N ratio does not necessary preclude substantial boron astration.
Most data for metal poor stars suggests little scatter in the abundances of the spallation isotopes at a given metal abundance (although see Primas, Duncan, & Thorburn 1998 for a possible exception). Studies of solar system meteorites yield a boron abundance of log ǫ(B) = 2.78 ± 0.05, and have recently shown that the solar photospheric boron abundance is consistent with this, finding log ǫ(B) = 2.7 ± 0.2. Boesgaard et al. (1998) had found an upper envelope to the abundances in F stars of log ǫ(B) ≈ 2.1, considerably below the solar system value. However, Cunha et al. (2000) reconsidered the available HST observations of these F stars and, by using a more realistic estimate of the continuum opacity near 2497Å B I, line found B/Fe ratios within 0.2 dex of solar for those F stars with did not show evidence for lithium or beryllium depletion. Cunha, Smith, & Lambert (1999) did find a low boron abundance, 2.1 ± 0.2, for a G dwarf in Orion that also shows undepleted lithium, and this suggests that a few stars may form with abnormally low boron abundances. Cunha et al's (1997) study (henceforth C97) of the B II resonance line at 1362Å in four early B stars in the Orion association found non-LTE values for log ǫ(B) ranging from 2.43 to 2.92. However, the calculated non-LTE corrections for the B II line are large (≈ +1 dex), and the LTE abundance estimates range from 1.56 to 1.99. Venn, Lambert, & Lemke (1996) and Boesgaard & Heacox (1978) examined the B II line in IUE and Copernicus data, but the weakness of this line and the large non-LTE effects render their results uncertain.
In early-B stars, the B III 2065.8Å line is substantially stronger, less blended, and subject to smaller non-LTE effects than is the B II resonance line near 1362Å. Proffitt et al. (1999) observed the B III resonance line at 2065.8Å in three early B stars, finding approximately half solar abundances for two of them (the third showed strong boron depletion). In these stars' atmospheres the B III fraction is much larger than that of B II, and non-LTE corrections for the B III line should be small (≈ −0.15 dex according to C97).
A larger sample of stars is necessary before any clear statements can be made about the relative roles of astration and initial abundance variations in determining the range of boron abundances found in population I stars. Here we will evaluate the extent to which IUE observations of B III can be used to constrain boron abundances in such stars.
Data and Modelling
The lowest few orders of SWP high dispersion spectra (i.e., those at the longest wavelengths) are often ignored. In part this is because there are substantial gaps in the wavelength coverage, but another obstacle is the lack of an absolute flux calibration for wavelengths longer than 1980Å in the standard IUE Final Archive data products. The standard IUE analysis software simply throws away any data without an absolute flux calibration when default settings are used. However, background subtraction and ripple correction are done for λ > 1980Å, and examination of such ripple corrected spectra of early-B stars shows them to be of excellent quality, having much higher signal-to-noise ratios than LWP or LWR high dispersion spectra at the same wavelengths.
Selection and Coaddition of Data
We have selected 44 late O and early B stars (Tab. 1) for study, concentrating on stars which are both bright and narrow-lined. Twenty-two of these stars are associated with the Orion OB1 star forming region, with several being in specific dense subassociations. Another star, HD 34816, has been identified as a high velocity runaway from Orion.
The ripple corrected spectra were obtained from MXHI files from the IUE Final Archive (Nichols & Linsky 1996) using the standard IUERDAF IDL software package. When more than one spectrum is available for a given star, the data were aligned using cross correlation techniques, corrected for any relative throughput differences, and then coadded. Data points flagged with any data quality problem more serious than the simple lack of an absolute flux calibration were not used. Each individual input spectrum was then compared to the coadded spectrum, and any clearly deviant spectra were eliminated from a final coaddition. Data taken through the large and small apertures have been treated equivalently, and both were used where available.
The wavelength interval considered in this study also contains strong ground state lines of Zn II (2025.483, and 2062.004Å), Cr II (2025 II ( .616,2039 II ( .914, 2055 II ( .596, 2061 II ( .575, and 2065 , and Co II (2025.754Å) which can produce noticeable absorption features due to the interstellar medium (ISM). The 2065.501Å chromium line is of special concern as it is only 0.28Å (40 km/s) blueward of the 2065.8 B III line. There are also a number of weak ground state lines of neutral iron group atoms in this wavelength region. Fortunately, most of our program stars have very low ISM column densities, and only a few show evidence for blending between the stellar boron line and the ISM Cr II line. Such blending may be a much more serious problem for observations of the B III line in more distant stars along heavily extincted lines of sight. We would recommend that any such observations be undertaken using the highest resolution practicable, and that some effort be made to understand the ISM components along the sight line to a given star before investing large amounts of HST time.
Determination of Stellar Parameters
We constrained T eff and log g using published spectroscopic analyses and Stromgren photometry. For stars studied by Cunha & Lambert (1994) we simply adopted the values of T eff and log g used in that paper. For stars in common between Cunha & Lambert (1994) and Gies & Lambert (1992) , the T eff determinations of Gies & Lambert average 820 K higher, so we have subtracted this amount from their other temperatures. For stars that were not included in either study we took uvbyβ photometry from the online data base of Mermilliod, Hauck, & Mermilliod (1997) and then determined T eff and log g using the Napiwotzki, Schoenberner, Wenske (1993) version of the Moon & Dworetsky (1985) UVBYBETA program. We added 420 K to these UVBYBETA temperatures to put them on the same scale as Cunha & Lambert (1994) . For all program stars we also used the UVBYBETA program to derive an estimate of the E(b − y) due to interstellar reddening.
Kurucz's ATLAS9 program was then used together with his opacity distribution functions calculated assuming solar metallicities and a microturbulence, ξ = 2 km/s, to produce LTE model atmospheres for the adopted T eff and log g of each star. These atmospheres are equivalent to those in the standard Kurucz grid of model atmospheres and are very close to what would be obtained by simple interpolation in that grid.
We used the very high S/N GHRS observations of HD 886 (Proffitt et al. 1999 ) as a template for understanding the spectral region between 2059 and 2070Å. The IUE instrumental resolution was fixed at R = 9500 as this gave the best agreement between the GHRS and IUE spectra of HD 886. Any errors or variations in R will be compensated for by an equivalent error in v sin i; for our purposes this is inconsequential.
Wavelengths and oscillator strengths for the hyperfine and isotopic components of the B III resonance lines are as given in Proffitt et al. (1999) . We will assume 11 B/ 10 B ratio of 4 throughout this work. Parameters for other lines are mostly based on the line lists of Kurucz. Two lines from Ekberg (1993) at 2030.771 and 2065.274Å were added to the Kurucz list. Some log gf values and wavelengths were modified based on comparisons with the GHRS data for HD 886, but the f-value modifications were only done for the most blatantly inconsistent lines. We deliberately avoided excessive fine tuning of the line list to avoid biasing our results towards our favored parameters for HD 886. The changes to the line list, other than those to the B III lines, are detailed in table 2.
The spectra of early-B stars at the wavelengths considered here are dominated by Fe III and Mn III lines. We assume that solar abundances for these elements are log(n(Fe)/n tot ) = −4.53 and log(n(Mn)/n tot ) = −6.51, corresponding to the meteoritic abundances of Anders & Grevesse (1989) . This gives a Mn/Fe ratio about 2 times larger than given by the photospheric abundances of Anders & Grevesse (1989) (cf. Grevesse & Sauval 1999 ).
We fit v sin i, microturbulence ξ, and an overall scaling factor for the heavy element abundances using orders 66 (2086 -2099Å), 67 (2053-2070Å) , and 68 (2020 -2040Å) of the SWP-HI observations, by comparing the observed spectra with synthetic spectra calculated using Kurucz's SYNTHE program. A downhill simplex algorithm (see § 10.4 of Press et al. 1992 ) was used to find the "best fit" to the observations for variations in these three parameters. The observed continuum level was set by matching the flux of the observed and synthetic spectrum separately for each order. For stars with E(b − y) > 0.1, standard reddening corrections were also applied. For other stars the differential reddening within a single IUE echelle order is inconsequential. To determine the goodness of a given fit, we used the noise model supplied with the IUE Final Archive high dispersion spectra to calculate the χ 2 difference between the model and the spectrum, even though we realize that this noise model is not a statistically correct description of the noise inherent in the spectrum. Wavelength regions that were coincident with the Zn II and Cr II ISM lines, or with the stellar boron lines, or which showed obvious consistent discrepancies between the synthetic and observed spectra were not used at this stage of the analysis. This procedure yielded excellent fits for most well observed stars with T eff ≤ 28000 K. Two of the better observed stars are displayed in Figure 1 , showing HD 160762 with T eff = 17902 K, and Figure 2 , showing HD 886 with T eff = 21850 K. For hotter stars it was more difficult to obtain consistent fits. An example of this is shown in Figure 3 displaying HD 34816 with T eff = 29070 K. Note in particular, that the blend of B III, Fe III, and Ti IV near 2067Å is not well fit. We believe there are two principal reasons for this. First, non-LTE effects are expected to have an increasingly large influence on both the overall structure of the atmosphere and on the level populations as T eff increases. In addition, as the ions become more highly charged, more lines that are missing or have bad gf values in the Kurucz data base will become relevant, leading to increasing discrepancies between the synthetic and observed spectra. The mean [Fe/H] found from the above fitting was −0.20 with a rms scatter of 0.14 dex. Most of the star-to-star variations in [Fe/H] likely reflect the errors of the fitting and/or the influence of unmodelled NLTE effects, and the derived values of [Fe/H] should be considered as a fitting parameter rather than as a precise determination of the heavy element abundances. A proper treatment of the iron abundance of early-B stars as deduced from IUE spectra will require a considerably more sophisticated treatment than presented here, but the current approach is adequate for our purposes.
Boron Abundances
Using the adopted parameters for T eff , log g, v sin i, ξ, and [Fe/H] determined above, we calculated synthetic spectra for each star for a variety of boron abundances and compared these synthetic spectra to the observed data. We selected the best fitting abundance or upper limit taking into account both the variation of the χ 2 residuals as a function of boron abundance and a visual inspection of the quality of the fits. Because the 2067.2Å line is blended with a strong Fe III line, and because this wavelength is not included in all SWP-HI spectra, the 2065.8Å line was used as the primary measure of boron abundance (see Figs.4 and 5).
Because of the uncertain noise model for IUE spectra, we did not attempt to derive formal statistical fitting errors. Instead a visual inspection was made of the quality of each observed spectrum, both for the boron line and for other lines of similar strength, and each observation was compared to synthetic spectra calculated for differing boron abundances. A judgement was then made of the appropriate range of boron abundances that could give acceptable fits, and an estimate of the corresponding 1 σ error was assigned. Given this rather rough estimation of the errors, care must be taken not to overinterpret the statistical properties of our results.
As a check on our fitted abundances, we also derived abundances by comparing the total equivalent width of the observed and synthetic spectra between 2065.58 and 2066.13 A. For the most part these results agree well with our fitted results, but for the subsequent discussion we will use only the results of the detailed fitting.
Boron was detected in 29 out of 44 stars, and upper limits determined for the others. Our final adopted boron abundances and assigned uncertainties are shown in table 3. For comparison the NLTE N/C ratios found by Cunha & Lambert (1994) and Gies & Lambert (1992) for a number of these stars are also listed. Cunha et al. (1997) calculated non-LTE corrections for the B II and B III resonance lines. For stars with T eff > 22000 K they found corrections for the 2065.8Å B III line to be ≈ −0.15 dex. The size of the correction increases with decreasing temperature, reaching about −0.2 dex at 20000 K, and as much as −0.5 dex For T eff near 17500 K. The paucity of our sample with T eff < 20000 K makes it impossible to draw any conclusions about whether or not the real NLTE effects match the predictions, especially as most of our cooler stars are somewhat evolved, and may be more likely to have undergone boron depletion masking the expected NLTE effect. We have estimated the size of the NLTE corrections for our stars using Cunha et al.'s Figure 7 and list these estimates in Table 3 .
We show the adopted boron abundances as a function of T eff in Figures 6 (LTE) and 7 (NLTE). The median abundance of all stars, including the upper limits, is log ǫ(B)= 2.5 (LTE) or 2.36 (NLTE).
At least ten stars clearly have log ǫ(B)< 2.0. The frequency of strong depletion increases with decreasing surface gravity. Above log g = 4 only about 1/4 of the sample shows evidence for log ǫ(B)< 2.1, while for log g < 4 about half the stars appear to have lower boron abundances (Fig. 8) . In Figure 9 we plot the boron abundance vs. the N/C ratio. Stars with enhanced N/C ratios all show very low boron abundances. This is what is expected if the nitrogen enhancements are due to CN processed materials being mixed to the surface of the star.
A few stars without nitrogen enhancements still show very low boron abundances. As boron is destroyed at temperatures lower than those at which CN cycling takes place, these stars can be interpreted as having undergone intermediate amounts of mixing. However, given that neither beryllium nor lithium is observable in these hot stars, it is impossible to completely exclude the possibility that a minority of stars formed with substantially lower than typical boron abundances.
Is there any evidence for a population with a natal abundance log ǫ(B)≈ 2, as suggested by Cunha, Smith, & Lambert's (1999) observations of BD −05
• 1317 in Orion OB Ic? There is a suggestion of a grouping of stars with abundances near this value. Two of these stars (HD 36285 and HD 36960) are in Orion OB Ic, although if we take our estimated error bars seriously, the difference may not be significant. The comparison between HD 36960 and the more boron rich star HD 34816 is also striking as these two stars otherwise have extremely similar parameters, but show an obvious difference in the 2065.8Å B III line (Fig. 10) . Cunha et al. (1997) also suggested there was an anti-correlation between boron and oxygen abundances in Orion B-stars, finding a ≈ 0.4 dex decrease in boron corresponding with a 0.2 dex increase in oxygen. In Figure 11 we show boron vs. oxygen abundances, for those stars with N/C< 0.5 (all CNO abundances are again from the NLTE results of Lambert 1994, and . Results for the B stars in Orion OB Ic are shown as filled symbols, and those for other B stars as open symbols. Values for the Sun and the G dwarf BD −05
• 1317 in Orion OB Ic (Cunha, Smith, & Lambert) are also marked. The two Orion OB Ic stars, HD 36285 and HD 36960, which may be boron poor, are also oxygen rich. The boron abundance for the one star in Orion OB Ic which is shown as having both boron and oxygen abundances high (HD 36430) is based on a single very poor quality IUE spectrum in which many data points were excluded as saturated, and so it does not provide a real counterexample to this trend.
However, even if we accept the evidence for an anti-correlation between oxygen and boron in the Orion OB Ic subassociation, there is no evidence for such a phenomena in other stars studied. When the stars of Orion OB Ic are excluded, there is no remaining correlation between oxygen and boron abundances.
If we exclude depleted or unusual stars by considering only stars where we have assigned log ǫ(B)> 2.1, both the mean and median LTE boron abundances are then close to 2.6, and the NLTE abundances near 2.48. If we include only the stars in our sample with the best determined values, results similar to those above are obtained. For instance, if we include only stars with log(N/C) < −0.3, T eff < 29000, which are not in Orion OB1c, and which either have N IUE ≥ 4 or v sin i < 20km/s, then the sample is reduced to seven stars, (HD 886, HD 29248, HD 35039, HD 35299, HD 44743, HD 214993, and HD 216916) , with a median boron abundance of 2.6 (LTE) or 2.45 (NLTE) and a mean abundance of 2.65 (LTE) or 2.51 (NLTE). Given that, on average, Pop. I early B stars are believed to have slightly subsolar heavy element abundances (e.g., Kilian 1994) , most stars do seem to have formed with a roughly solar or very slightly sub-solor boron to heavy element ratio.
Conclusions
About 25% of stars with normal nitrogen may have low boron (LTE log ǫ(B)≤ 2). These may represent either partially mixed stars, stars that formed with unusually low boron abundances, or some combination of the two. The distribution of abundances would seem to be most easily understood if we assume the typical boron abundance with which most population I early-B stars were formed was near 2.45 (assuming the NLTE estimates included above are correct), with a significant minority of stars showing substantial post-formation depletion. This estimate is consistent with the average 0.2 dex metal deficiency found for our sample and solar boron to heavy element ratios.
The lack of a clear positive correlation between the boron and oxygen abundances in the Orion subgroups sets limits on prompt boron formation caused by type I supernovae. This suggests that neutrino induced spallation is not a significant source of galactic boron. If supernovae driven cosmic rays are an important source of boron, that synthesis must occur on time scales longer than that of subsequent star formation in the same association. The possible anti-correlation between boron and oxygen in Orion OB1c, may suggest that an unusually large fraction of the material (half or more) in a few stars may have processed through an earlier generation of stars in this association, thus destroying much of their boron. Such an occurrence would seem to be a relatively rare phenomena. This research was supported by NASA grants NAG 5-3487 and HST GO-6644.01-95A. C. R. Proffitt also acknowledges STScI research support. Space Telescope Science Institute is operated by the Association of Universities for Research in Astronomy, Inc. under NASA contract NAS5-26555. We would also like to thank Kim Venn for her useful comments on an earlier draft of this manuscript. Round symbols show the IUE data points, while the dotted lines show synthetic spectra calculated using Kurucz's SYNTHE program and assuming (from top to bottom) log ǫ(B) = −∞, 1.1, 1.6, 2.0, 2.3, 2.6, 2.9, and 3.2 on the usual scale where the log ǫ(H) = 12. The isotope splitting of each line in the doublet is marked;
11 B being the shorter and 10 B the longer wavelength component in each of the closely spaced pairs. A 11 B/ 10 B ratio of 4 is assumed. The solid line shows the synthetic spectra for the best fitting abundance of log ǫ(B) = 2.42. .-Adopted best fit boron abundances (circles), and upper limits (triangles) including estimated NLTE corrections, are plotted as a function of the N/C ratio, using CN abundances from Cunha & Lambert (1994) and Gies & Lambert (1992) .. Tab. 1 and  Tab. 3) and spectra, with HD 36960 having very slightly narrower lines. However, there is a clear difference at the location of the 2065.8Å B III line, equivalent to an abundance difference of about 0.5 dex. At this T eff , ≈ 29000 K, the blend which includes the 2067.2Å B III line, includes one or more strong unmodeled components, (see the discussion in § 2.2 and also Fig. 3) , and this appears to mask the abundance difference in the 2067.2Å line. • 1317 (G) in Orion OB Ic (Cunha, Smith, & Lambert 1999 3 T eff from uvbyβ photometry +420 K.
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